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Description
FIELD OF THE INVENTION

[0001] The present invention relates to a gait motion
assisting apparatus.

BACKGROUND ART

[0002] As gait assistance or rehabilitation devices for
people with leg disability or people with paralysis due to
a stroke or the like, gait motion assisting apparatuses
including an actuator such as an electric motor for as-
sisting the motion of a leg have been proposed (see Pat-
ent Literature 1 described below).

[0003] The gait motion assisting apparatus is attacha-
ble to and detachable from a knee-ankle-foot orthosis
and is configured to impart gait assisting force in a front-
back direction to a lower leg frame of the knee-ankle-foot
orthosis.

[0004] The gait motion assisting apparatus includes a
casing detachably attached to the knee-ankle-foot ortho-
sis, the actuator supported by the casing, a drive arm
that pushes the lower leg frame of the knee-ankle-foot
orthosis back and forth by a rotational force from the ac-
tuator, a thigh orientation detecting unit that detects a hip
joint angle that is a front-back swing angle of a user’'s
thigh at a sampling timing S(k) (k is an integer of 1 or
more), athigh phase angle calculating unit that calculates
a thigh phase angle ¢(k) at the sampling timing S(k)
based on the hip joint angle from the thigh orientation
detecting unit,

a gait motion timing calculating unit that calculates a gait
motion timing T(k) during a gait cycle corresponding to
the sampling timing S(k) based on the thigh phase angle
¢(k) (that is, a gait motion timing that is defined using a
percentage relative to the gait cycle), an assisting torque
calculating unit that has an output torque pattern defining
a relationship between a gait motion timing T(k) during
a gait cycle and a torque value P(k) to be output and
applies a gait motion timing T(k) during a gait cycle to
the output torque pattern to calculate the torque value
P(k) to be output, and an operational control unit that
executes operational control on the actuator so as to out-
put the assisting force having the torque value P(k) cal-
culated by the assisting torque calculating unit.

[0005] The gait motion assisting apparatus described
above in Patent Literature 1 recognizes the gait motion
timing during a gait cycle based on the thigh phase angle
¢ instead of the lower leg that is the target part to which
gait assisting force is imparted and, compared to the
structure for recognizing the gait motion timing based on
the motion of the lower leg, is thus effective in providing
an advantage to recognize the gait motion timing without
requiring a complicated structure; however, there is room
for improvement in a following point.

[0006] The thigh phase angle calculating unit calcu-
lates a thigh phase angle ¢ (= -Arctan(w/0) + n) based
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on a hip joint angle 6 input from the thigh orientation de-
tecting unit and a hip joint angular velocity » obtained by
differentiating the hip joint angle 6.

[0007] FIG. 10 schematically illustrates a trajectory di-
agram obtained by plotting the thigh phase angle ¢ (gait
state), which is defined by the hip joint angle 6 and the
hip joint angular velocity o, over a gait cycle.

[0008] As shown in FIG. 10, the thigh phase angle ¢
defined by the hip joint angle 6 and the hip joint angular
velocity o varies between 0 and 2= during a gait cycle.
[0009] Specifically, in a case where the hip joint angles
0 in a state where the thigh is positioned in front of and
behind the user’s body axis line along the vertical direc-
tion are referred to as "positive" and "negative", respec-
tively, and the hip joint angular velocities o in a state
where the thigh is swung forward and backward are re-
ferred to as "positive" and "negative", respectively, when
the thigh phase angle ¢ is 0 in a state where the hip joint
angle 6 is largest in the "negative" direction and the hip
joint angular velocity o is "zero", the thigh phase angle
¢ changes from 0 to n/2 during a period (a gait area A1
in FIG. 10) from a state where the thigh is swung back-
ward to the maximum (a state where the hip joint angle
0 is largest in the "negative" direction and the hip joint
angular velocity o is "zero", the sampling timing S(1) in
FIG. 10) to a state where the thigh moves relatively for-
ward in a swing state and matches the user’s body axis
line (a state where the hip joint angle 0 is "zero" and the
hip joint angular velocity o is

[0010] largest in the "positive" direction).

[0011] Then, the thigh phase angle ¢ changes from
n/2 to  during a period (a gait area A2 in FIG. 10) from
a state where the raised thigh in a swing state matches
the user’s body axis line (a state where the hip jointangle
0 is "zero" and the hip joint angular velocity o is largest
in the "positive" direction) to a state where the thigh is
further swung relatively forward to the maximum (a state
where the hip joint angle 6 is largest in the "positive" di-
rection and the hip joint angular velocity o is "zero").
[0012] Then, the thigh phase angle ¢ changes from
the phase angle of = to 3n/2 during a period (a gait area
A3 in FIG. 10) from a state where the thigh in a swing
state is swung forward to the maximum (a state where
the hip joint angle 0 is largest in the "positive" direction
and the hip joint angular velocity o is "zero") to a state
where the thigh enters a stance state after being in con-
tact with the ground through the heel contact and the
thigh in the stance state is swung relatively backward to
match the user’s body axis line (a state where the hip
jointangle 0 is "zero" and the hip joint angular velocity
is largest in the "negative" direction).

[0013] Furthermore, the thigh phase angle ¢ changes
from 3n/2 to 2= during a period (a gait area A4 in FIG.
10) from a state where the thigh in the stance state match-
es the user’s body axis line (a state where the hip joint
angle 0 is "zero" and the hip joint angular velocity o is
largest in the "negative" direction) to a state where the
thigh is swung relatively backward and is swung back-
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ward to the maximum (a state where the hip joint angle
is largest in the "negative" direction and the hip joint an-
gular velocity is "zero").

[0014] Furthermore, for the user who is capable of per-
forming the normal gait motion, the thigh phase angle ¢
increases at each sampling timing, i.e., with the elapse
of time.

[0015] However, for users with leg disability or users
with paralysis due to a stroke or the like, there may be a
situation where a thigh phase angle ¢(k+1) at one sam-
pling timing S(k+1) is less than the thigh phase angle
¢(k) at the sampling timing S(k) immediately before the
one sampling timing S(k+1), i.e., a thigh reverse swing
phenomenon in which the thigh temporarily returns to the
side opposite to the direction in which the thigh is sup-
posed to swing during the normal gait motion.

[0016] When such a situation occurs, the output of the
actuator changes rapidly in the gait motion assisting ap-
paratus described in Patent Literature 1 described above.

PRIOR ART DOCUMENT
Patent Literature

[0017]
6148766

Patent Literature 1: Japanese Patent No.

SUMAARY OF THE INVENTION

[0018] The present invention has been made in con-
sideration of the conventional technology and has an ob-
ject to provide a gait motion assisting apparatus that is
configured to impart gait assisting force corresponding
to the cycle gait motion timing recognized based on the
thigh phase angle to the lower leg and that is capable of
imparting gait assisting force as smoothly as possible
even when a thigh reverse swing phenomenon occurs
during a gait cycle, i.e., the user’s thigh swings in a di-
rection opposite to the direction in which it is supposed
to swing during the normal gait motion.

[0019] In order to achieve the object, a first aspect of
the present invention provides a gait motion assisting
apparatus including: an actuator that imparts assisting
force to a user’s gait motion; a thigh orientation detecting
unit that detects an angle-related signal that is related to
a hip joint angle, which is a front-back swing angle of the
user’s thigh, at each sampling timing; a thigh phase angle
calculating unit that calculates a thigh phase angle at
each sampling timing based on the angle-related signal;
agaitmotiontiming calculating unitthat calculates acycle
gait motion timing that is a percentage relative to a gait
cycle based on the thigh phase angle from the thigh
phase angle calculating unit; an assisting torque calcu-
lating unit that has an output torque pattern defining a
relationship between the cycle gait motion timing and a
torque value to be output and applies the cycle gait mo-
tion timing transmitted from the gait motion timing calcu-
lating unit to the output torque pattern to calculate the
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torque value corresponding to the sampling timing; and
an operational control unit that executes operational con-
trol on the actuator so as to output assisting force having
the torque value calculated by the assisting torque cal-
culating unit, wherein the thigh phase angle calculating
unit has a latest data transmission process to transmit a
thigh phase angle ¢(k) calculated based on an angle-
related signal at a kth (k is an integer of 1 or more) sam-
pling timing S(k) during a gait cycle as the thigh phase
angle at the sampling timing S(k) to the gait motion timing
calculating unit and store the thigh phase angle ¢(k) as
areference thigh phase angle ¢c and a stored data trans-
mission process to transmit, instead of the thigh phase
angle ¢(k) calculated based on the angle-related signal
at the kth sampling timing S(k) during the gait cycle, the
currently stored reference thigh phase angle ¢c as the
thigh phase angle at the sampling timing S(k) to the gait
motion timing calculating unit and continuously store the
currently stored reference thigh phase angle o¢c, per-
forms the stored data transmission process only when
conditions are satisfied such that one thigh phase angle
calculated based on an angle-related signal at one sam-
pling timing is smaller than the currently stored reference
thigh phase angle and an absolute value of a deviation
therebetween is equal to or less than a predetermined
threshold, and performs the latest data transmission
process in other cases.

[0020] The gait motion assisting apparatus according
to the first aspect of the present invention makes it pos-
sible toimpart gaitassisting force as smoothly as possible
even when an unintentional thigh reverse swing phenom-
enon occurs, since the thigh phase angle calculating unit
has the latest data transmission process to transmit the
thigh phase angle ¢(k) calculated based on the angle-
related signal at the kth sampling timing S(k) during a
gait cycle as the thigh phase angle at the sampling timing
S(k) to the gait motion timing calculating unit and store
the thigh phase angle ¢(k) as the reference thigh phase
angle ¢c and the stored data transmission process to
transmit, instead of the thigh phase angle ¢(k) calculated
based on the angle-related signal at the kth sampling
timing S(k) during the gait cycle, the currently stored ref-
erence thigh phase angle ¢c as the thigh phase angle at
the sampling timing S(k) to the gait motion timing calcu-
lating unit and continuously store the currently stored ref-
erence thigh phase angle ¢c, performs the stored data
transmission process only when conditions are satisfied
such that one thigh phase angle calculated based on an
angle-related signal at one sampling timing is smaller
thanthe currently stored reference thigh phase angle and
an absolute value of a deviation therebetween is equal
to or less than a predetermined threshold, and performs
the latest data transmission process in other cases.
[0021] In the first aspect, the predetermined threshold
is, for example, 1.8x.

[0022] In order to achieve the object, a second aspect
of the present invention provides a gait motion assisting
apparatus including: an actuator that imparts assisting
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force to a user’s gait motion; a thigh orientation detecting
unit that detects an angle-related signal that is related to
a hip joint angle, which is a front-back swing angle of the
user’s thigh, at each sampling timing; a thigh phase angle
calculating unit that calculates a thigh phase angle at
each sampling timing based on the angle-related signal;
agaitmotiontiming calculating unitthat calculates acycle
gait motion timing that is a percentage relative to a gait
cycle based on the thigh phase angle from the thigh
phase angle calculating unit; an assisting torque calcu-
lating unit that has an output torque pattern defining a
relationship between the cycle gait motion timing and a
torque value to be output and applies the cycle gait mo-
tion timing transmitted from the gait motion timing calcu-
lating unit to the output torque pattern to calculate the
torque value corresponding to the sampling timing; and
an operational control unit that executes operational con-
trol on the actuator so as to output assisting force having
the torque value calculated by the assisting torque cal-
culating unit, wherein the gait motion timing calculating
unit has a latest data transmission process to transmit a
cycle gait motion timing T(k) calculated based on an an-
gle-related signal at a kth sampling timing S(k) (k is an
integer of 1 or more) during a gait cycle as the cycle gait
motion timing at the sampling timing S(k) to the assisting
torque calculating unit and store the cycle gait motion
timing T(k) as a reference cycle gait motion timing Tc and
a stored data transmission process to transmit, instead
of the cycle gait motion timing T(k) calculated based on
the angle-related signal at the kth sampling timing S(k)
during the gait cycle, the currently stored reference cycle
gait motion timing Tc as the cycle gait motion timing at
the sampling timing S(k) to the assisting torque calculat-
ing unit and continuously store the currently stored ref-
erence cycle gait motion timing Tc, performs the stored
data transmission process only when conditions are sat-
isfied such that one cycle gait motion timing calculated
based on an angle-related signal at one sampling timing
is smaller than the currently stored reference cycle gait
motion timing and an absolute value of a deviation ther-
ebetweenis equal to orless than a predetermined thresh-
old, and performs the latest data transmission process
in other cases.

[0023] The gait motion assisting apparatus according
to the second aspect of the present invention makes it
possible to impart gait assisting force as smoothly as
possible even when an unintentional thigh reverse swing
phenomenon occurs, since the gait motion timing calcu-
lating unit has the latest data transmission process to
transmit the cycle gait motion timing T(k) calculated
based on the angle-related signal at the kth sampling
timing S(k) during a gait cycle as the cycle gait motion
timing at the sampling timing S(k) to the assisting torque
calculating unit and store the cycle gait motion timing T(k)
as the reference cycle gait motion timing Tc and the
stored data transmission process to transmit, instead of
the cycle gait motion timing T(k) calculated based on the
angle-related signal at the kth sampling timing S(k) during
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the gait cycle, the currently stored reference cycle gait
motion timing Tc as the cycle gait motion timing at the
sampling timing S(k) to the assisting torque calculating
unit and continuously store the currently stored reference
cycle gait motion timing Tc, performs the stored data
transmission process only when conditions are satisfied
such that one cycle gait motion timing calculated based
on an angle-related signal at one sampling timing is
smaller than the currently stored reference cycle gait mo-
tion timing and an absolute value of a deviation therebe-
tween is equal to or less than a predetermined threshold,
and performs the latest data transmission process in oth-
er cases.

[0024] In the second aspect, the predetermined
threshold is, for example, 90% when the cycle gait motion
timing during a gait cycle is 0 to 100%.

[0025] In any one of the above various configurations
of the gait motion assisting apparatus according to the
present invention, the gait motion timing calculating unit
has a conversion function specifying a relationship be-
tween the thigh phase angle and the cycle gait motion
timing during the gait cycle and applies the thigh phase
angle transmitted from the thigh phase angle calculating
unit to the conversion function to calculate the cycle gait
motion timing.

BRIEF DESCRIPTION OF THE DRAWINGS
[0026]

[FIG. 1]

FIG. 1 is a front view of a knee-ankle-foot orthosis
to which a gait motion assisting apparatus according
to the present invention is attachable.

[FIG. 2]

FIG. 2 is a perspective enlarged view of the Il part
in FIG. 1.

[FIG. 3]

FIG. 3 is an exploded view of FIG. 2.

[FIG. 4]

FIG. 4 is a vertical cross-sectional perspective view
of FIG. 2.

[FIG. 5]

FIG. 5 is a perspective view of an attached state in
which a gait motion assisting apparatus according
to one embodiment of the present invention is at-
tached to the knee-ankle-foot orthosis as viewed
from an inner side in the user width direction and a
forward side in the user front-back direction.

[FIG. 6]

FIG. 6 is an exploded perspective view of the gait
motion assisting apparatus as viewed from a side
facing the knee-ankle-foot orthosis (the inner side in
the user width direction).

[FIG. 7]

FIG. 7 is an exploded perspective view of the gait
motion assisting apparatus and the knee-ankle-foot
orthosis as viewed from an outer side in the user
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width direction.

[FIG. 8]

FIG. 8 is an exploded vertical cross-sectional view
of the gait motion assisting apparatus and the knee-
ankle-foot orthosis.

[FIG. 9]

FIG. 9 is a control block diagram of the gait motion
assisting apparatus.

[FIG. 10]

FIG. 10 is a trajectory diagram obtained by plotting
hip joint angles 6 and hip joint angular velocities ®
over a gait cycle in a state where the scale (ampli-
tude) of the hip joint angle 6 matches the scale (am-
plitude) of the hip joint angular velocity o, the angles
6 and the velocities ® being calculated by a control
device of the gait motion assisting apparatus.

[FIG. 11]

FIG. 11 is a graph showing a relationship between
asampling timing and a thigh phase angle calculated
by a thigh phase angle calculating unit.

[FIG. 12]

FIG. 12 is a trajectory diagram obtained by plotting
hip joint angles 6 and hip joint angular velocities ®
over a gait cycle in a state where the scale (ampli-
tude) of the hip joint angular velocity o is approxi-
mately twice the scale (amplitude) of the hip joint
angle 0, the angles 6 and the velocities o being cal-
culated by the control device of the gait motion as-
sisting apparatus.

[FIG. 13]

FIG. 13 is a schematic diagram showing gait posture
during a gait cycle over time.

[FIG. 14]

FIG. 14 is a flow diagram of an actuator operational
control mode executed by the control device of the
gait motion assisting apparatus.

[FIG. 15]

FIG. 15 is a flow diagram of "process to transmit the
thigh phase angle to the gait motion timing calculat-
ing unit" in the actuator operational control mode.

EMBODIMENT FOR CARRYING OUT THE INVENTION

[0027] Below, one embodiment of the gait motion as-
sisting apparatus according to the present invention will
now be described with reference to the attached draw-
ings.

[0028] The gait motion assisting apparatus 100 ac-
cording to the present embodiment imparts gait assisting
force to a user wear a knee-ankle-foot orthosis 1, and is
mountable to both the knee-ankle-foot orthosis for left
use and the knee-ankle-foot orthosis for right use.
[0029] First, the knee-ankle-foot orthosis 1 will now be
described taking the knee-ankle-foot orthosis for left use
as an example.

[0030] FIG. 1 is a front view of the knee-ankle-foot or-
thosis 1 for left use that is attached to the user’s left leg.
[0031] The knee-ankle-foot orthosis for right use is
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symmetrical to the knee-ankle-foot orthosis for left use
with respect to a central vertical plane passing a body
axis of the user and extending in the users front-back
direction.

[0032] The knee-ankle-foot orthosis 1 is a device to be
worn by a person with leg disability or a person with pa-
ralysis due to a stroke or the like for gait assistance or
for rehabilitation, and is custom-made according to the
user’s physique.

[0033] AsshowninFIG. 1, the knee-ankle-footorthosis
1 has a thigh attachment 11 to which the user’s thigh is
attached, a thigh frame 20 supporting the thigh attach-
ment 11 and extending in a substantially vertical direc-
tion, a lower leg attachment 31 to which the user’s lower
leg is attached, and a lower leg frame 40 supporting the
lower leg attachment 31 and extending in a substantially
vertical direction.

[0034] The thigh attachment 11 and the lower leg at-
tachment 31 may take various forms as long as they are
respectively attachable to the user’s thigh and lower leg.
[0035] In the present embodiment, the thigh attach-
ment 11 isin a cylindrical form having an attachment hole
with such a size that the user’s thigh can be inserted and
the thigh attachment 11 fits the thigh.

[0036] Likewise, the lower leg attachment 31 is in a
cylindrical form having an attachment hole with such a
size that the user’s lower leg can be inserted and the
lower leg attachment 31 fits the lower leg.

[0037] In the present embodiment, as shown in FIG.
1, the thigh frame 20 has afirst thigh frame 20(1) vertically
extending on the outer side of the thigh attachment 11 in
the user width direction, and a second thigh frame 20(2)
vertically extending on the inner side of the thigh attach-
ment 11 in the user width direction.

[0038] Likewise,the lowerlegframe 40 has afirstlower
leg frame 40(1) vertically extending on the outer side of
the lower leg attachment 31 in the user width direction,
and a second lower leg frame 40(2) vertically extending
on the inner side of the lower leg attachment 31 in the
user width direction.

[0039] FIG. 2 shows a perspective enlarged view of
the Il part in FIG. 1.

[0040] FIG. 3 shows an exploded perspective view of
FIG. 2.

[0041] In FIG 3, illustration of a part of components is
omitted for easier understanding.

[0042] FIG. 4 shows a vertical cross-sectional per-
spective view of FIG. 2.

[0043] As shown in FIGS. 1 to 4, the lower leg frame
40 is connected to the thigh frame 20 via a brace-side
rotational connecting part 50 such that the lower leg
frame 40 is rotatable relative to the thigh frame 20 around
abrace-side pivotaxis line X thatis coaxial with the swing
axis line of the user’s knee joint.

[0044] As described above, in the present embodi-
ment, the thigh frame 20 has the first and second thigh
frames 20(1), 20(2), and the lower leg frame 40 has the
first and second lower leg frames 40(1), 40(2).
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[0045] In this case, an upper end portion of the first
lower leg frame 40(1) is connected to a lower end portion
of the first thigh frame 20(1) via a first brace-side rota-
tional connecting part 50(1) so that the first lower leg
frame 40(1) is rotatable around the brace-side pivot axis
line X relative to the first thigh frame 20(1), and an upper
end portion of the second lower leg frame 40(2) is con-
nected to a lower end portion of the second thigh frame
20(2) via a second brace-side rotational connecting part
50(2) so thatthe second lower leg frame 40(2) is rotatable
around the brace-side pivot axis line X relative to the
second thigh frame 20(2).

[0046] Specifically, as shown in FIGS. 2 to 4, the thigh
frame 20 has a vertically extending thigh frame main body
21c and a pair of connecting pieces 21a, 21b fixed to the
respective sides in the user width direction of the lower
end part of the frame main body 21c¢ by pinning, welding,
or the like. The upper part of the lower leg frame 40 is
interposed between the pair of connecting pieces 21a,
21b.

[0047] The pair of connecting pieces 21a, 21b are pro-
vided with a thigh frame attachment hole 20a that is co-
axially with the brace-side pivot axis line X, and the lower
leg frame 40 is provided with a lower leg frame attach-
ment hole 40a that is coaxially with the brace-side pivot
axis line X.

[0048] The brace-side rotational connecting part 50
has a brace-side connector 51 for connecting the thigh
frame 20 and the corresponding lower leg frame 40 so
as to be rotatable around the brace-side pivot axis line
X by being inserted into a brace-side frame attachment
hole formed by the thigh frame attachment hole 20a and
the lower leg frame attachment hole 40a.

[0049] As shown in FIGS. 2 to 4, the brace-side con-
nector 51 has an internally threaded member 52 and an
externally threaded member 55 separably screwed to
each other within the brace-side frame attachment hole.
[0050] The internally threaded member 52 has a cylin-
drical part 53 to be inserted into the brace-side frame
attachment hole from one side in the user width direction
and a flange part 54 extending more radially outward
than the brace-side frame attachment hole from one side
in the user width direction of the cylindrical part 53. The
cylindrical part 53 has a screw hole that is open toward
the free end side.

[0051] On the other hand, the externally threaded
member 55 has a cylindrical part 56 having an external
thread to be screwed into the screw hole from the other
side in the user width direction and a flange part 57 ex-
tending more radially outward than the brace-side frame
attachment hole from the other side in the user width
direction of the cylindrical part 56.

[0052] As shown in FIGS. 2 to 4, in the present em-
bodiment, the internally threaded member 52 is inserted
into the brace-side attachment hole from the side close
to the user’s thigh inserted into the thigh attachment 11,
and the externally threaded member 55 is screwed to the
internally threaded member 52 from the side far from the
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user’s thigh.

[0053] Reference number 54a in FIGS. 3 and 4 is a
radially outward projection that is provided on the flange
part 53 and that engages with a depression 22 (see FIG.
3) formed in the inner connecting piece 21b, and thereby
the internally threaded member 52 is retained so as to
be incapable of relative rotation around the axis line rel-
ative to the inner connecting piece 21b (i.e., the thigh
frame 20).

[0054] Inthe presentembodiment, a swinging position
of the lower leg frame 40 around the brace-side pivot axis
line X at the time when the user’s lower leg is extended
until a maximum extending state defines a swinging end
of the lower leg frame 40 toward the forward direction
around the brace-side pivot axis line X relative to the
thigh frame 20.

[0055] Specifically, as shown in FIG. 3, an upper-end
surface 45 of the lower leg frame 40 (the end surface
facing the thigh frame 20) is a sloped surface such that
the radial distance from the brace-side pivot axis line X
increases from one side toward the other side around
the brace-side pivot axis line X, and a lower-end surface
25 of the thigh frame 20 (the end surface facing the lower
leg frame 40) is a sloped surface corresponding to the
upper-end surface 45 of the lower leg frame 40.

[0056] Due to this configuration, at the time when the
user’s lower leg is extended until a maximum extending
state, the lower leg frame 40 rotates only toward one side
around the brace-side pivot axis line X relative to the
thigh frame 20 (in the direction in which the user’s lower
legis bentrelative to the thigh) and does not rotate toward
the other side (in the direction in which the user’s lower
leg is extended relative to the thigh).

[0057] In the present embodiment, as shown in FIGS.
1to 4, the knee-ankle-foot orthosis 1 further has alocking
member 70 for inhibiting the rotation of the lower leg
frame 40 toward both directions around the brace-side
pivot axis line X relative to the thigh frame 20.

[0058] The locking member 70 is configured so as to
be capable of reaching a locked state (the state shown
in FIG. 2) where the thigh frame 20 and the lower leg
frame 40 are surrounded by the locking member 70 to
connect both frames 20, 40 and prevent the lower leg
frame 40 from being relatively rotated around the brace-
side pivot axis line X relative to the thigh frame 20, and
a cancelled state where connection between the thigh
frame 20 and the lower leg frame 40 is cancelled to permit
the lower leg frame 40 to be relatively rotated around the
brace-side pivot axis line X relative to the thigh frame 20.
[0059] Inthepresentembodiment, the locking member
70 has a first locking member 70(1) acting on the first
thigh frame 20(1) and the first lower leg frame 40(1), and
a second locking member 70(2) acting on the second
thigh frame 20(2) and the second lower leg frame 40(2).
[0060] In the present embodiment, as shown in FIG.
1, the knee-ankle-foot orthosis 1 further has a foot frame
60 on which a user places a foot.

[0061] In this case, the lower end portion of the lower
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leg frame 40 is connected to the foot frame 60.

[0062] Below, the gait motion assisting apparatus 100
according to the present embodiment will now be de-
scribed.

[0063] FIG. 5 is a perspective view of the gait motion
assisting apparatus 100 attached to the knee-ankle-foot
orthosis 1 for left use as viewed from the inner side in
the user width direction and the forward side in the user
front-back direction.

[0064] FIG. 6 is an exploded perspective view of the
gait motion assisting apparatus 100 as viewed from a
side facing the knee-ankle-foot orthosis 1.

[0065] FIGS.7 and 8are anexploded perspective view
and an exploded vertical cross-sectional view, respec-
tively, of the gait motion assisting apparatus 100 and the
knee-ankle-foot orthosis 1 as viewed from the inner side
in the user width direction and the forward side in the
user front-back direction.

[0066] As shown in FIGS. 5 to 8, the gait motion as-
sisting apparatus 100 includes a casing 110 detachably
connected to the knee-ankle-foot orthosis 1, an actuator
stored in the casing 110 and outputting gait assisting
force for lower leg, a driving arm 150 operatively driven
and swung by the actuator, a gait motion state detecting
sensor 170 for detecting a gait motion state during a gait
cycle, and a control device 500 performing operational
control of the actuator.

[0067] The casing 110 has aframe 115 supporting the
actuator, and a cover 120 surrounding the frame 115 and
the actuator.

[0068] The frame 115 includes a vertical-direction ex-
tending wall 117 extending substantially vertically under
the condition where the casing 110 is attached to the
knee-ankle-foot orthosis 1, and a horizontal-direction ex-
tending wall 119 extending substantially horizontally from
the vertical-direction extending wall 117.

[0069] The cover 120 includes alower cover 122 form-
ing a mounting surface 112 that faces the first thigh frame
20(1), and an upper cover 125 detachably connected to
the lower cover 122 so as to form an accommodating
space that accommodates the frame 115 and the actu-
ator in cooperation with the lower cover 122.

[0070] In the present embodiment, the frame 115 is
fixed within the accommodating space by connecting the
vertical-direction extending wall 117 to an inner surface
of the lower cover 122 via fastening members such as
bolts.

[0071] Inthepresentembodiment,the uppercover 125
includes a first upper cover 125a detachably connected
to the lower cover 122, and a second upper cover 125b
detachably connected to the first upper cover 125a.
[0072] In the present embodiment, an electric motor
130 is utilized as the actuator.

[0073] As shown in FIG. 6, the electric motor 130 in-
cludes a motor body 132 and an output shaft 135 con-
nected to the motor body 132, and is configured so as to
output driving force in both rotational directions including
a first direction that is one side around an axial line and
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a second direction that is the other side around the axial
line from the output shaft 135.

[0074] Inthe present embodiment, the motor body 132
is mounted on the horizontal-direction extending wall 119
to be supported by the frame 115. The output shaft 135
extends downward across the horizontal-direction ex-
tending wall 119.

[0075] As shown in FIGS. 6 and 7, the gait motion as-
sisting apparatus 100 according to the present embodi-
ment further includes a driving source 190 for the electric
motor 130 such as a battery.

[0076] The driving source 190 is supported by the ver-
tical-direction extending wall 117 so as to be arranged
above the electric motor 130.

[0077] The drive arm 150 is operatively connected to
the output shaft 135, and is swung in a first direction that
is one side and a second side that s the other side around
an actuator-side pivot axis line Y in response to the driv-
ing force in the first and second directions of the output
shaft 135.

[0078] AsshowninFIG. 8, inthe presentembodiment,
the drive arm 150 is operatively connected to the output
shaft 135 via a gear transmission mechanism 140.
[0079] The gear transmission mechanism 140 in-
cludes a driving-side bevel gear 142 supported by the
output shaft 135 so as to be incapable of relative rotation,
and a driven-side bevel gear 144 arranged coaxially with
the actuator-side pivot axis line Y while being engaged
with the driving-side bevel gear 142.

[0080] The driven-side bevel gear 144 is arranged
closer to the knee-ankle-foot orthosis 1 in the user width
direction W than the output shaft 135 is. The proximal
end portion of the drive arm 150 is connected to the driv-
en-side bevel gear 144 so thatthe drive arm 150 is swung
around the actuator-side pivot axis line Y in response to
the driving power of the output shaft 135.

[0081] As shownin FIG. 8, the lower cover 122 is pro-
vided with an access opening 123. The driven-side bevel
gear 144 and the proximal end portion of the drive arm
150 are connected to each other via the access opening
123.

[0082] A distal end portion of the drive arm 150 is op-
eratively connected to the first lower leg frame 40(1) in
a state that the gait motion assisting apparatus 100 is
attached to the knee-ankle-foot orthosis 1 so that the
drive arm 150 presses the first lower leg frame 40(1)
around the brace-side pivot axis line X in response to the
swing of the drive arm 150 around the actuator-side pivot
axis line Y.

[0083] The gait motion assisting apparatus 100 ac-
cording to the present embodiment further includes a ro-
tation angle sensor 160 for detecting a swinging position
of the drive arm 150.

[0084] Specifically, a detected shaft 146 is connected
to the driven-side bevel gear 144 so as to be incapable
of relative rotation around the actuator-side pivot axis line
Y. The rotation angle sensor 160 is arranged to detect a
rotation angle of the detected shaft 146 around the axis
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line.

[0085] The gait motion assisting apparatus 100 is de-
tachably mounted to the knee-ankle-foot orthosis 1 at
three portions including an upper portion, lower portion
and an intermediate portion between the upperand lower
portions in the vertical direction.

[0086] Specifically, as shown in FIG. 6, the gait motion
assisting apparatus 100 includes an upper connecting
mechanism 220, a lower connecting mechanism 260 and
an intermediate connecting mechanism 250.

[0087] AsshowninFIG.8,theintermediate connecting
mechanism 250 includes a ball stud 251 arranged at the
knee-ankle-foot orthosis 1, and an accommodation de-
pression 258 that is arranged at the gait motion assisting
apparatus 100 so that the ball stud 251 and the accom-
modation depression 258 forms a ball joint structure.
[0088] As shown in FIG. 8, the ball stud 251 includes
a shaft part 252 positioned coaxially with the brace-side
pivot axis line X of the knee-ankle-foot orthosis 1 and
extending in a direction toward the gait motion assisting
apparatus 100, and a spherical head part 255 provided
at the distal end portion of the shaft part 252.

[0089] In the present embodiment, the ball stud 251 is
provided on the knee-ankle-foot orthosis 1 in a projecting
manner by utilizing the brace-side connector 51.

[0090] Specifically, as shownin FIGS. 4 and 8, the ball
stud 251 is provided on the knee-ankle-foot orthosis 1 in
a projecting manner by being screw-connected to an in-
ner-side threaded member (the internally threaded mem-
ber52inthe presentembodiment) positioned onthe inner
side in the user width direction among the internally
threaded member 52 and the externally threaded mem-
ber 55 in the swinging connector 51, in place of an outer-
side threaded member (the externally threaded member
55 in the present embodiment) positioned on the outer
side in the user width direction among the internally
threaded member 52 and the externally threaded mem-
ber 55.

[0091] The ball stud 251 and the inner-side threaded
member are realized by various configurations.

[0092] For example, the ball stud 251 may be formed
with an axial stepped hole passing through in the axial
line direction. The axial stepped hole includes a large-
diameter portion open toward a side on which the spher-
ical head part 255 is positioned, a small-diameter portion
open toward a side far away from the spherical head part
255 in the axial line direction, and a step connecting the
large-diameter portion and the small-diameter portion.
The ball stud 251 and the inner-side threaded member
can be connected to each other by a fastening member
such as a bolt inserted in the axial stepped hole and fas-
tened to the inner-side threaded member.

[0093] Accordingtothis configuration, the ball stud 251
can be easily provided on the existing knee-ankle-foot
orthosis 1 in a projecting manner so as to be coaxial with
the brace-side pivot axis line X.

[0094] In the present embodiment, as shown in FIG.
8, the accommodation depression 258 is formed in the
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proximal end portion of the drive arm 150.

[0095] The configuration makes it possible to stably
cause the brace-side pivot axis line X and the actuator-
side pivot axis line Y to be arranged coaxially with each
other while reducing the size of the gait motion assisting
device 100A in the user width direction.

[0096] AsshowninFIG.6,the upperconnecting mech-
anism 220 includes an upper rotational shaft 222 provid-
ed on the mounting surface 112 so as to extend inward
in the user width direction and an upper fastening mem-
ber 225 supported by the upper rotational shaft 222 so
as to be rotatable around an axis line of the upper rota-
tional shaft 222.

[0097] The upper fastening member 225 includes a
bearing part 227 supported by the upper rotational shaft
222 and a cam part 229 extending radially outward from
the bearing part 227.

[0098] The cam part 229 is configured such that the
radial distance between the outer circumferential surface
of the cam part 229 and the axis line of the upper rota-
tional shaft 222 is increased toward a first side around
the axis line of the upper rotational shaft 222.

[0099] The upper connecting mechanism 220 further
includes an upper receiving member 246 provided on the
mounting surface 112 at a position spaced apart in the
user front-back direction from the upper rotational shaft
222 by a distance that enables the first thigh frame 20(1)
to be interposed between the upper receiving member
246 and the upper rotational shaft 222.

[0100] Inthe presentembodiment, the upper connect-
ing mechanism 220 includes an upper receiving shaft
247 provided on the mounting surface 112 so as to extend
inward in the user width direction, and an elastic roller
248 supported by the upper receiving shaft 247 acts as
the upper receiving member 246.

[0101] Inthe state where the upper fastening member
225 is positioned in the releasing position around the
upper rotational shaft 222, moving the gait motion assist-
ing device 100 in a direction toward the knee-ankle-foot
orthosis 1 enables the first thigh frame 20(1) to be posi-
tioned in the space between the upper fastening member
225 and the upper receiving member 246, and in the
state where the first thigh frame 20(1) is positioned in the
space, moving the gait motion assisting device 100 in a
direction away from the knee-ankle-foot orthosis 1 ena-
bles the first thigh frame 20(1) to be retreated from the
space.

[0102] Moreover,inthe state where the firstthigh frame
20(1) is positioned in the space, rotating the upper fas-
tening member 225 from the releasing position to a fas-
tening position around the upper rotational shaft 222
causes the cam part 229 to hold the first thigh frame 20(1)
in cooperation with the upper receiving member 246 with
respect to the user front-back direction, and thereby the
state where the upper part of the gait motion assisting
device 100 is connected to the first thigh frame 20(1) is
attained.

[0103] AsshowninFIG.6, inthe presentembodiment,
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the upper fastening member 225 further includes an op-
eration arm 230 extending radially outward from the bear-
ing part 227.

[0104] The operation arm 230 is configured such that
the radial length between the free end of the operation
arm 230 and the axis line of the upper rotational shaft
222 is greater than the radial length between the radially
outermost end of the cam part 229 and the axis line of
the upper rotational shaft 222.

[0105] Thisconfiguration, while making iteasy to rotate
the upper fastening member 225 around the upper rota-
tional shaft 222 via the operation arm 230, makes it pos-
sible to effectively prevent connection between the upper
part of the gait motion assisting device 100A and the first
thigh frame 20(1) from being cancelled by the rotation of
the upper fastening member 225 around the upper rota-
tional shaft 222 via the cam part 229 when external force
is unintentionally applied to the first thigh frame 20(1) and
the upper part of the gait motion assisting device 100.
[0106] AsshowninFIG.6,inthe presentembodiment,
the upper fastening member 225 has an engagement
arm 232 extending radially outward from the bearing part
227 on the inner side in the user width direction than the
cam part 229.

[0107] The engagement arm 232 is provided on the
upper fastening member 225 so as to be positioned on
the inner side in the user width direction than the first
thigh frame 20(1) positioned in the space between the
upper fastening member 225 and the upper receiving
member 246.

[0108] The engagement arm 232 is provided with an
engagement groove 233 for engagement with a portion
of the upper receiving shaft 247, which extends more
inward in the user width direction than the upper receiving
member 246, when the upper fastening member 225 is
rotated around the upper rotational shaft 222 from the
releasing position to the fastening position around upper
rotational shaft 222 so that the cam part 229 holds the
first thigh frame 20(1) with respect to the user front-back
direction in cooperation with the upper receiving member
246, and by the inward extending portion of the upper
receiving shaft 247 inserted in the engagement groove
233, the unintentional relative movement of the upper
part of the gait motion assisting device 100 and the first
thigh frame 20(1) in the user width direction is prevented.
[0109] Next, the lower connecting mechanism 260 will
be now described.

[0110] As shown in FIGS. 5 to 8, in the present em-
bodiment, the distal end portion of the drive arm 150 is
provided with a swinging member 200 capable of swing-
ing around a rotational shaft 205 along the user front-
back direction, and the lower connecting mechanism 260
is provided in the swinging member 200.

[0111] The configuration makes it possible to appro-
priately change the relative position of the lower connect-
ing mechanism 260 with respect to the upper connecting
mechanism 220 and the intermediate connecting mech-
anism 250 in the user width direction so that the gait
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motion assisting device 100 can be appropriately at-
tached to the variously shaped knee-ankle-foot orthoses
1thatare custom-made according to the user’s physique.
[0112] That is, the knee-ankle-foot orthosis 1 is cus-
tom-made according to the user’s physique, and thus the
tiltangle and/or the curvature of the first thigh frame 20(1)
relative to the first lower leg frame 40(1) with respect to
the user width direction W (see FIG. 1) is different for
each knee-ankle-foot orthosis 1.

[0113] In this regard, adopting the configuration in
which the swinging member 200 is connected to the distal
end portion of the drive arm 150 so as to be capable of
swinging in the user width direction and the lower con-
necting mechanism 260 is provided in the swinging mem-
ber 200 enables the gait motion assisting device 100 to
be appropriately attached to various knee-ankle-foot or-
thoses 1 having different tilt angles and/or curvatures of
the first thigh frame 20(1) relative to the first lower leg
frame 40(1) with respect to the user width direction W.
[0114] The lower connecting mechanism 260 has the
substantially same configuration as the upper connecting
mechanism 220.

[0115] Specifically, as shown in FIG. 6, the lower con-
necting mechanism 260 includes a lower rotational shaft
262 provided on the swinging member 200 so as to ex-
tend inward in the user width direction and a lower fas-
tening member 265 supported by the lower rotational
shaft 262 so as to be rotatable around an axis line of the
lower rotational shaft 262.

[0116] The lower fastening member 265 includes a
bearing part (not shown) supported by the lower rotation-
al shaft 262 and a cam part (not shown) extending radially
outward from the bearing part.

[0117] The cam part is configured such that the radial
distance between the outer circumferential surface of the
cam part and the axis line of the lower rotational shaft
262 is increased toward a first side around the axis line
of the lower rotational shaft 262.

[0118] AsshowninFIG. 6, the lower connecting mech-
anism 260 furtherincludes a lower receiving member 286
supported by the swinging member 200 at a position
spaced apart in the user front-back direction from the
lower rotational shaft 262 by a distance that enables the
first lower leg frame 40(1) to be interposed between the
lower receiving member 286 and the lower rotational
shaft 262.

[0119] In the present embodiment, the lower connect-
ing mechanism 260 includes a lower receiving shaft 287
provided on the swinging member 200 so as to extend
inward in the user width direction, and an elastic roller
288 supported by the lower receiving shaft 287 acts as
the lower receiving member 286.

[0120] In the state where the lower fastening member
265 is positioned in the releasing position around the
lower rotational shaft 262, moving the gait motion assist-
ing device 100 in a direction toward the knee-ankle-foot
orthosis 1 enables the first lower leg frame 40(1) to be
positioned in the space between the lower fastening
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member 265 and the lower receiving member 286, and
in the state where the first lower leg frame 40(1) is posi-
tioned in the space, moving the gait motion assisting de-
vice 100 in a direction away from the knee-ankle-foot
orthosis 1 enables the first lower leg frame 40(1) to be
retreated from the space.

[0121] Moreover, in the state where the first lower leg
frame 40(1) is positioned in the space, rotating the lower
fastening member 265 from the releasing position to a
fastening position around the lower rotational shaft 262
causes the cam part to hold the first lower leg frame 40(1)
in cooperation with the lower receiving member 286 with
respect to the user front-back direction, and thereby the
state where the lower part of the gait motion assisting
device 100 is connected to the first lower leg frame 40(1)
is attained.

[0122] AsshowninFIG.6,inthe presentembodiment,
the lower fastening member 265 further includes an op-
erationarm 270 extending radially outward from the bear-
ing part 267.

[0123] The operation arm 270 is configured such that
the radial length between the free end of the operation
arm 270 and the axis line of the lower rotational shaft 262
is greater than the radial length between the radially out-
ermost end of the cam part 269 and the axis line of the
lower rotational shaft 262.

[0124] This configuration, while making iteasy to rotate
the lower fastening member 265 around the lower rota-
tional shaft 262 via the operation arm 270, makes it pos-
sible to effectively prevent connection between the lower
part of the gait motion assisting device 100 and the first
lower leg frame 40(1) from being cancelled by the rotation
of the lower fastening member 265 around the lower ro-
tational shaft 262 via the cam part 269 when external
force is unintentionally applied to the first lower leg frame
40(1) and the lower part of the gait motion assisting de-
vice 100.

[0125] AsshowninFIG. 6, inthe present embodiment,
the lower fastening member 265 has an engagementarm
272 extending radially outward from the bearing part 267
on the inner side in the user width direction than the cam
part 269.

[0126] The engagement arm 272 is provided on the
lower fastening member 265 so as to be positioned on
the inner side in the user width direction than the first
lower leg frame 40(1) positioned in the space between
the lower fastening member 265 and the lower receiving
member 286.

[0127] The engagement arm 272 is provided with an
engagement groove 273 for engagement with a portion
of the lower receiving shaft 287, which extends more in-
ward in the user width direction than the lower receiving
member 286, when the lower fastening member 265 is
rotated around the lower rotational shaft 262 from the
releasing position to the fastening position around lower
rotational shaft 262 so that the cam part 269 holds the
first lower leg frame 40(1) with respect to the user front-
back direction in cooperation with the lower receiving
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member 286, and by the inward extending portion of the
lower receiving shaft 287 inserted in the engagement
groove 273, the unintentional relative movement of the
lower part of the gait motion assisting device 100 and the
first lower leg frame 40(1) in the user width direction is
prevented.

[0128] Next, the control structure of the gait motion as-
sisting device 100 will now be described.

[0129] FIG. 9 shows a control block diagram of the gait
motion assisting device 100.

[0130] The gait motion assisting device 100 includes
a thigh orientation detecting unit 510 as the gait motion
state detecting sensor 170, and recognizes a gait state
during gait cycle (a cycle gait motion timing) based on a
thigh phase angle ¢ and performs operational control for
the electric motor 130 such that gait assisting force suit-
able for the gait state is imparted.

[0131] Thatis, the gait motion assisting device 100 is
configured to detect movement of not the lower leg that
is a control target site but the thigh that is a site different
from the lower leg, recognize the gait state during gait
cycle based on the movement of the thigh, and impart a
gait assisting force in accordance with the gait state to
the lower leg thatis an assisting force imparted target site.
[0132] Specifically, the thigh orientation detecting unit
510 is capable of detecting an angle-related signal relat-
ing to a hip joint angle that is the front-back swing angle
of the user’s thigh at each sampling point.

[0133] In addition, as shown in FIG. 9, the gait motion
assisting device 100 includes a thigh phase angle calcu-
lating unit 550 that calculates a thigh phase angle based
on the angle-related signal, an assisting torque calculat-
ing unit 570 that calculates a torque value that should be
output at the gait state recognized based on the thigh
phase angle ¢, and an operational control unit 580 re-
sponsible for operational control for the actuator.
[0134] As shown in FIG. 9, the gait motion assisting
device 100 according to the present embodiment in-
cludes a gait motion timing calculating unit 560 for cal-
culating a gait state during gait cycle corresponding to
the thigh phase angle ¢ (thatis, a cycle gait motion timing
that is defined using a percentage relative to the gait cy-
cle). The assisting torque calculating unit 570 is config-
ured to calculate, based on the cycle gait motion timing,
a torque value to be output.

[0135] The assisting torque calculating unit 570 has an
output torque pattern defining a relationship between a
cycle gait motion timing during a gait cycle and a torque
value to be output, and applies a cycle gait motion timing
calculated by the gait motion timing calculating unit 560
to the output torque pattern to calculate the torque value
to be output.

[0136] As showninFIG. 9, in the gait motion assisting
device 100 according to the present embodiment, the
control device 500 acts as the thigh phase angle calcu-
lating unit 550, the gait motion timing calculating unit 560,
the assisting torque calculating unit 570 and the opera-
tional control unit 580.
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[0137] Specifically, the control device 500 has a control
part including a control processing unit for executing
processing based on a signal received from the thigh
orientation detecting unit 510, amanually operated mem-
beror the like; and a storage partincluding a ROM storing
a control program, control data and the like, a non-volatile
storage unit storing a setting value or the like such that
the setting value or the like is not lost even when a power
supply isinterrupted and is rewritable, a RAM temporarily
storing data generated during processing by the process-
ing part or the like.

[0138] The thigh orientation detecting unit 510 detects
the angle-related signal at each predetermined specific
sampling timing during gait cycle.

[0139] The thigh orientation detecting unit 510 may
have various forms such as a gyro sensor, an accelera-
tion sensor, a rotary encoder and a sensor measuring
muscle current and hardness of muscle as long as it can
directly or indirectly detect the front-back swing angle of
the thigh (the hip joint angle 0).

[0140] In the gait motion assisting device 100 accord-
ing to the present embodiment, the thigh orientation de-
tecting unit 510 has a triaxial angular velocity sensor (a
gyro sensor) 511 (see FIG. 9) capable of detecting the
front-back swing angle velocity of the thigh. The thigh
phase angle calculating unit 550 integrates the angular
velocity of the thigh detected by the triaxial angular ve-
locity sensor 511 so that the hip joint angle 6, which is
the front-back swing angle of the thigh, is obtained.
[0141] The gait motion assisting apparatus according
to the present embodiment is provided with a triaxial ac-
celeration sensor 515, and the thigh phase angle calcu-
lating unit 550 is configured to calculate the hip joint angle
(the front-back swing angle of the thigh) with using the
vertical axis line that the triaxial acceleration sensor 515
detects when the user is in a standstill as the reference
value.

[0142] Instead, the gait motion assisting apparatus can
be configured not to have the triaxial acceleration sensor
515.

[0143] In this case, the hip joint angle 0 (the front-back
swing angle of the thigh) calculated by the thigh phase
angle calculating unit 550 is the thigh front-back swing
angle with an angle that the thigh phase angle calculating
unit 550 calculates when the main power source of the
gait motion assisting apparatus 100 is turned on as the
reference value.

[0144] Thus, in this case, the thigh phase angle calcu-
lating unit 550 can correct the hip joint angle 6 (the front-
back swing angle of the thigh) by using a high-pass filter
so that the median value of the hip joint angle 6 is the
reference value thereof.

[0145] Alternatively, instead of using a high pass filter,
the thigh phase angle calculating unit 550 can detect a
deviation between the maximum value in the positive di-
rection and the maximum value in the negative direction
of a calculated hip joint angle 6 (front-back swing angle
of the thigh) and, based on the deviation, correct calcu-
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lated hip joint angle so that the median value of the hip
joint angle is the reference values thereof.

[0146] While itis also possible to detect the front-back
swing angle of the thigh relative to the body axis line by
arotary encoder and use the detected value as a hip joint
angle 6, in the present embodiment, the hip joint angle
is calculated based on an angular velocity detected by
the triaxial angular velocity sensor 511, and thereby the
degree of design freedom of the gait motion assisting
apparatus 100 is increased.

[0147] That is, in a case where the hip joint angle 6
(the thigh front-back swing angle relative to the body axis
line) is detected by a rotary encoder, it is necessary to
detect the angle of relative movement between a torso-
side detector secured to the torso and a thigh-side de-
tector secured to the thigh so as to swing integrally with
the thigh, and it is therefore necessary to attach both
detectors such that the torso-side detector and the thigh-
side detector do not positionally shift relative to the torso
and the thigh, respectively.

[0148] On the other hand, the method of calculating a
hip joint angle based on an angular velocity detected by
the triaxial angular velocity sensor 511 does not have the
above-described restrictions and can provide enhanced
design freedom of the gait motion assisting apparatus
100.

[0149] Asdescribed above, in the gait motion assisting
apparatus 100 according to the present embodiment, the
thigh orientation detecting unit 510 has the triaxial accel-
eration sensor 515 in addition to the triaxial angular ve-
locity sensor 511.

[0150] In this case, the thigh phase angle calculating
unit 550 is configured to calculate a combined Eulerian
angle by combining a high-frequency component of a
first Eulerian angle calculated based on angular velocity
data from the triaxial angular velocity sensor 511 and a
low-frequency component of a second Eulerian angle
calculated based on acceleration data from the triaxial
acceleration sensor 515, and calculate a thigh phase an-
gle ¢ based on a hip joint angle 6 calculated from the
combined Eulerian angle and a hip joint angular velocity
o calculated from the hip joint angle 6.

[0151] Specifically, as shownin FIG. 9, the thigh phase
angle calculating unit 550 receives sensor coordinate ax-
is-based angular velocity data from the triaxial angular
velocity sensor 511 at every sampling timing, and con-
verts the angular velocity data into angular velocity data
(Eulerian angular velocity) that indicates a correlation be-
tween a sensor coordinate axis and a global coordinate
axis (a vertical direction-based spatial coordinate axis)
using a predetermined conversion formula.

[0152] Then,the thigh phase angle calculating unit550
integrates the angular velocity data (Eulerian angular ve-
locity) to calculate the first Eulerian angle.

[0153] Preferably, the thigh phase angle calculating
unit 550 can perform drift elimination on sensor coordi-
nate axis-based angular velocity data received from the
triaxial angular velocity sensor 511 at every predeter-
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mined sampling timing using angular velocity data re-
ceived from the triaxial angular velocity sensor 511 when
the user is in standstill (or when the user is not in motion).
[0154] Moreover, the thigh phase angle calculating unit
550 receives sensor axis-based acceleration data from
the triaxial acceleration sensor 515 at every sampling
timing via a low-passfilter 520, and calculates the second
Eulerian angle indicating a correlation between a sensor
coordinate axis and a global coordinate axis (a vertical
direction-based spatial coordinate axis) from the accel-
eration data received via the low-pass filter 520, based
on acceleration data received when the user is in stand-
still and gravitational acceleration.

[0155] Then, the thigh phase angle calculating unit 550
calculates a hip joint angle 6 from a unit vector indicating
the orientation of the thigh and the combined Eulerian
angle obtained by combining the high-frequency compo-
nent of the first Eulerian angle obtained via a high-pass
filter 530 and the low-frequency component of the second
Eulerian angle obtained via the low-pass filter 535.
[0156] Preferably, the thigh phase angle calculating
unit 550 can perform drift elimination by detecting heel
contact based on acceleration data from the acceleration
sensor 515 and, when heel contact is detected, adding
a corrected Eulerian angle calculated from angular ve-
locity data from the triaxial angular velocity sensor 511
to the combined Eulerian angle.

[0157] A thigh phase angle ¢ is calculated by the fol-
lowing algorithm.

[0158] The thigh phase angle calculating unit 550, at
every sampling timing, calculates a hip joint angle 6 and,
also, differentiates it to calculate a hip joint angular ve-
locity o.

[0159] For example, the thigh phase angle calculating
unit 550 calculates a hip joint angle 0(k) at the kth sam-
pling timing S(k) (k is an integer of 1 or greater) from a
gait cycle reference timing, and then differentiates it to
calculate a hip joint angular velocity o(k) at the sampling
timing S(k).

[0160] The gait cycle reference timing can be set, for
example, at a timing of heal contact or a timing after a
predetermined time from heel contact.

[0161] The timing of heel contact can be recognized
by various methods.

[0162] For example, if the hip joint angular velocity o
when the thigh swings forward and backward based on
the vertical axis line is referred to as positive and nega-
tive, respectively, a time point at which the calculated hip
joint angular velocity ® advances by a predetermined
phase angle Aa from a timing at which the calculated hip
jointangular velocity o reaches zero from a positive value
can be recognized as the heel contact timing

[0163] Alternatively, it is possible to provide the gait
motion assisting apparatus 100 with a heel contact de-
tecting unit for detecting heel contact, and configure the
thigh phase angle detecting unit 550 to recognize a timing
detected by the heel contact detecting unit as a heel con-
tact time point. The heel contact detecting unit may be
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formed by a pressure sensor capable of detecting ground
contact of the heel.

[0164] Moreover,inacase wherethe acceleration sen-
sor 515 is provided as in the gait motion assisting appa-
ratus 100 according to the present embodiment, the ac-
celeration sensor 515 can also be used as the heel con-
tact detecting unit.

[0165] Then,the thigh phase angle calculating unit550
calculates a thigh phase angle ¢(k) (= -Arctan(w(k)/0(k)))
at the sampling timing S(k) based on the hip joint angle
0(k) and the hip joint angular velocity o(k) at the sampling
timing S(k).

[0166] FIG. 10 schematically illustrates a trajectory di-
agram obtained by plotting the thigh phase angle ¢ (gait
state), which is defined by the hip joint angle 6 and the
hip joint angular velocity o, over a gait cycle.

[0167] As shown in FIG. 10, the thigh phase angle ¢
defined by the hip joint angle 6 and the hip joint angular
velocity o varies between 0 and 2= during a gait cycle.
[0168] Specifically, in a case where the hip joint angles
0 in a state where the thigh is positioned in front of and
behind the user’s body axis line along the vertical direc-
tion are referred to as "positive" and "negative", respec-
tively, and the hip joint angular velocities o in a state
where the thigh is swung forward and backward are re-
ferred to as "positive" and "negative", respectively, when
the thigh phase angle ¢ is 0 in a state where the hip joint
angle 0 is largest in the "negative" direction and the hip
joint angular velocity o is "zero", the thigh phase angle
¢ changes from 0 to /2 during a period (the gait area A1
in FIG. 10) from a state where the thigh is swung back-
ward to the maximum (a state where the hip joint angle
0 is largest in the "negative" direction and the hip joint
angular velocity o is "zero", the sampling timing S(1) in
FIG. 10) to a state where the thigh moves relatively for-
ward in a swing state and matches the user’s body axis
line (a state where the hip joint angle 0 is "zero" and the
hip joint angular velocity o is largest in the "positive" di-
rection).

[0169] Then, the thigh phase angle ¢ changes from
n/2 to © during a period (the gaitarea A2 in FIG. 10) from
a state where the raised thigh in a swing state matches
the user’s body axis line (a state where the hip jointangle
0 is "zero" and the hip joint angular velocity o is largest
in the "positive" direction) to a state where the thigh is
further swung relatively forward to the maximum (a state
where the hip joint angle 6 is largest in the "positive" di-
rection and the hip joint angular velocity o is "zero").
[0170] Then, the thigh phase angle ¢ changes from
the phase angle of © to 3n/2 during a period (the gait area
A3 in FIG. 10) from a state where the thigh in a swing
state is swung forward to the maximum (a state where
the hip joint angle 0 is largest in the "positive" direction
and the hip joint angular velocity o is "zero") to a state
where the thigh enters a stance state after being in con-
tact with the ground through the heel contact and the
thigh in the stance state is swung relatively backward to
match the user’s body axis line (a state where the hip
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joint angle 0 is "zero" and the hip joint angular velocity ®
is largest in the "negative" direction).

[0171] Furthermore, the thigh phase angle ¢ changes
from 3n/2 to 27 during a period (the gait area A4 in FIG.
10) from a state where the thigh in the stance state match-
es the user’s body axis line (a state where the hip joint
angle 0 is "zero" and the hip joint angular velocity o is
largest in the "negative" direction) to a state where the
thigh is swung relatively backward and is swung back-
ward to the maximum (a state where the hip joint angle
is largest in the "negative" direction and the hip joint an-
gular velocity is "zero").

[0172] Inthe present embodiment, the thigh phase an-
gle calculating unit 550 is configured to perform a latest
data transmission process to transmit a thigh phase an-
gle ¢(k) calculated based on an angle-related signal at
a kth (k is an integer of 1 or more) sampling timing S(k)
during a gait cycle as the thigh phase angle at the sam-
pling timing S(k) to the gait motion timing calculating unit
560 and store the thigh phase angle ¢(k) as a reference
thigh phase angle ¢c and a stored data transmission
process to transmit, instead of the thigh phase angle ¢(k)
calculated based on the angle-related signal at the kth
sampling timing S(k) during the gait cycle, the currently
stored reference thigh phase angle ¢c as the thigh phase
angle at the sampling timing S(k) to the gait motion timing
calculating unit 560 and continuously store the currently
stored reference thigh phase angle o¢c, performs the
stored data transmission process only when conditions
are satisfied such that one thigh phase angle calculated
based on an angle-related signal at one sampling timing
is smaller than the currently stored reference thigh phase
angle and an absolute value of a deviation therebetween
is equal to or less than a predetermined threshold, and
performs the latest data transmission process in other
cases.

[0173] A detailed description regarding this point will
be explained below.

[0174] FIG. 11 is a graph showing a relationship be-
tween each sampling timing and the thigh phase angle
¢ calculated by the thigh phase angle calculating unit 550
at each sampling timing.

[0175] In a case where the motion of the thigh during
a gait cycle is normal, the thigh phase angle ¢ calculated
by the thigh phase angle calculating unit 550 at each
sampling timing gradually increases as the sampling tim-
ing S proceeds (that is, with the elapse of time) as shown
in gait cycles C2 and C2 in FIG. 11, one gait cycle ends
at the time when the thigh phase angle ¢ reaches 2,
and a subsequent gait cycle starts continuously.

[0176] However, for users with leg disability or users
with paralysis due to a stroke or the like, there may be a
situation where a thigh phase angle ¢ at one sampling
timing is less than the thigh phase angle at the sampling
timing immediately before the one sampling timing, i.e.,
a situation (hereinafter referred to as thigh reverse swing
phenomenon) in which the thigh temporarily returns to
the side opposite to the direction in which the thigh is
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supposed to swing during the normal gait motion.
[0177] As described above, the gait motion timing cal-
culating unit 560 calculates, based on the thigh phase
angle ¢ sent from the thigh phase angle calculating unit
550, the cycle gait motion timing T that is a percentage
relative to the gait cycle. The assisting torque calculating
unit 570 calculates, based on the cycle gait motion timing
T sent from the gait motion timing calculating unit 560,
the torque value that the actuator should output. Then,
the operational control unit 580 executes operational
control on the actuator so as to output assisting force
having the torque value sent from the assisting torque
calculating unit 570.

[0178] Accordingly, the occurrence of the thigh reverse
swing phenomenon results in a situation where the ac-
tuator outputs an assisting force having a torque value
different from that to be output at the timing, and a vibra-
tion may be occurred in some cases.

[0179] In the gait cycle C1 in FIG. 11, the thigh phase
angle ¢ calculated by the thigh phase angle calculating
unit 550 gradually increases with the elapse of time until
sampling timing S(a). In this situation, the thigh phase
angle ¢ calculated based on an angle-related signal,
which is sent from the thigh orientation detecting unit 510
at one sampling timing, is larger than the reference thigh
phase angle gc currently stored in the thigh phase angle
calculating unit 550, and the conditions for performing
the stored data transmission process are not satisfied.
[0180] Therefore, the thigh phase angle calculating
unit 550 performs the latest data transmission process.
[0181] Onthe otherhand, the thigh phase angle ¢(a+1)
calculated by the thigh phase angle calculating unit 550
based on an angle-related signal, which is sent from the
thigh orientation detecting unit 510 at a sampling timing
S(a+1)in the gait cycle C1in FIG. 11, is smaller than the
currently stored reference thigh phase angle oc (¢(a) in
this example) in the thigh phase angle calculating unit
550.

[0182] In this case, the thigh phase angle calculating
unit 550 performs the stored data transmission process
(Apart in FIG. 11) to transmit the currently stored refer-
ence thigh phase angle ¢c (¢(a) in this example) as the
thigh phase angle ¢ at the sampling timing S(a+1) to the
gait motion timing calculating unit 560.

[0183] Asdescribedabove, the conditions for perform-
ing the stored data transmission process includes, in ad-
dition to the condition that one thigh phase angle calcu-
lated based on an angle-related signal at one sampling
timing is smaller than the currently stored reference thigh
phase angle, the condition (hereinafter referred to as a
second condition of the stored data transmission proc-
ess) that an absolute value of a deviation between the
one thigh phase angle and the currently stored reference
thigh phase angle is equal to or less than the predeter-
mined threshold. The second condition of the stored data
transmission process will be explained later.

[0184] Furthermore, in the gait cycle C1 in FIG. 11, a
thigh phase angle ¢(a+2) calculated by the thigh phase
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angle calculating unit 550 based on an angle-related sig-
nal, which is sent from the thigh orientation detecting unit
510 ata next sampling timing S(a+2), is also smaller than
the currently stored reference thigh phase angle ¢c (p(a)
in this example) in the thigh phase angle calculating unit
550.

[0185] In this case, the thigh phase angle calculating
unit 550 performs the stored data transmission process
(Apart in FIG. 11) to transmit the currently stored refer-
ence thigh phase angle ¢c (¢(a) in this example) as the
thigh phase angle ¢ at the sampling timing S(a+2) to the
gait motion timing calculating unit 560.

[0186] On the other hand, a thigh phase angle ¢(a+3)
calculated by the thigh phase angle calculating unit 550
based on an angle-related signal, which is sent from the
thigh orientation detecting unit 510 at a sampling timing
S(a+3) in the gait cycle C1 in FIG. 11, is larger than the
currently stored reference thigh phase angle oc (p(a) in
this example) in the thigh phase angle calculating unit
550, and the conditions for performing the stored data
transmission process are not satisfied.

[0187] Accordingly, the thigh phase angle calculating
unit 550 performs the latest data transmission process
to transmit the thigh phase angle ¢(a+3) as the thigh
phase angle ¢ at the sampling timing S(a+3) to the gait
motion timing calculating unit 560 and store the thigh
phase angle ¢(a+3) as the reference thigh phase angle
oC.

[0188] The configuration makes it possible to effective-
ly impart gait assisting force for returning to the normal
gait motion even when the thigh reverse swing phenom-
enon in which the user’s thigh swings in a direction op-
posite to the direction in which it is supposed to swing
during the normal gait motion unintentionally occurs dur-
ing a gait cycle.

[0189] Furthermore, the configuration makes it possi-
ble to reduce or prevent the output of the actuator from
being suddenly changed in an excessive manner due to
the unintentional thigh reverse swing phenomenon as
much as possible to effectively reduce or prevent the
vibration of the actuator.

[0190] The second condition of the stored data trans-
mission process will now be explained.

[0191] The thigh phase angle ¢ increases from 0 to-
ward 27 as the sampling timing proceeds (that is, with
the elapse of time) in one gait cycle, and the one gait
cycle ends at the time when the thigh phase angle ¢
reaches 2.

[0192] A nextsampling timing is a first sampling timing
of the subsequent gait cycle, and the thigh phase angle
¢ again increases from 0 toward 2z as the sampling tim-
ing proceeds (that is, with the elapse of time).

[0193] In this way, the thigh phase angle ¢ decreases
from 2n to 0 when being changed from one gait cycle to
the subsequent gait cycle.

[0194] Specifically, at the time when the gait cycle is
changed over, in comparison with a thigh phase angle
that the thigh phase angle calculating unit 550 calculates
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based on an angle-related signal ata last sampling timing
in one gait cycle, a thigh phase angle that the thigh phase
angle calculating unit 550 calculates based on an angle-
related signal at a first sampling timing in a subsequent
gait cycle substantially decreases by 2r.

[0195] Accordingly, setting the predetermined thresh-
old so as to be less than an absolute value (that is, 2x)
of a deviation of thigh phase angles when being changed
from one gait cycle to the subsequent gait cycle and larg-
er than an absolute value of a deviation of thigh phase
angles presumed to be generated due to an unintentional
thigh reverse swing phenomenon allows a changeover
from one gait cycle to the subsequent gait cycle to be
done while allowing the stored data transmission process
to be performed to transmit the currently stored reference
thigh phase angle ¢c to the gait motion timing calculating
unit 560 when the thigh reverse swing phenomenon oc-
curs.

[0196] The predetermined threshold can be arbitrarily
set as long as the conditions are satisfied, and can be,
for example, 1.8x that is 90% of 2x.

[0197] Inthe present embodiment, the gait motion tim-
ing calculating unit 560 has a phase pattern function that
converts the thigh phase angle ¢ into the cycle gait motion
timing that is a percentage relative to the gait cycle, and
applies the thigh phase angle ¢ (the thigh phase angle
¢(k) that the thigh phase angle calculating unit 550 cal-
culates based on an angle-related signal sent from the
thigh orientation detecting unit 510 at the sampling timing
S(k), or the reference thigh phase angle ¢c that the thigh
phase angle calculating unit 550 stores at that time when
the thigh reverse swing phenomenon occurs) transmitted
from the thigh phase angle calculating unit 550 at the
sampling timing S(k) to the phase pattern function to cal-
culate a cycle gait motion timing T(k) that corresponds
to the sampling timing S(k) during the gait cycle (that is,
a percentage of the thigh phase angle ¢(k) when a gait
cycle is regarded as 100%).

[0198] Here, the cycle gait motion timing T(k) is calcu-
lated as follows.

T(k) = (pk)/2m) x 100 (%).

[0199] The assisting torque calculating unit 570 has
the output torque pattern defining the relationship be-
tween the cycle gait motion timing and the torque value
to be output and applies the cycle gait motion timing
transmitted from the gait motion timing calculating unit
560 to the output torque pattern to calculate a torque
value P(k) to be output for the sampling timing S(k).
[0200] The output torque pattern is created for each
user and is previously stored in the assisting torque cal-
culating unit 570.

[0201] The operational control unit 580 executes op-
erational control on the actuator (the electric motor 130)
so as to output the assisting force having the torque value
calculated by the assisting torque calculating unit 570.
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[0202] Thus, the gait motion assisting apparatus 100
according to the present embodiment is configured to
determine a gait state (cycle gait motion timing) during a
gait cycle based on the phase angle (the thigh phase
angle ¢) of the thigh different from the lower leg, which
is the target part to which the gait assisting force is im-
parted, and to output the assisting force corresponding
to the gait state to the lower leg.

[0203] Therefore, compared to the configuration in
which the gait state (cycle gait motion timing) is recog-
nized based on the motion of the lower leg, which per-
forms complex motions during gait, the gait state can be
recognized accurately, and assisting force suitable for
the gait state can be output.

[0204] Further, in the gait motion assisting apparatus
100 according to the present embodiment, the thigh
phase angle calculating unit 550 calculates the thigh
phase angle ¢ based on the hip joint angle 6 and the hip
joint angular velocity o only when the vector length of a
plot point on the trajectory diagram defined by the hip
joint angle 6 and the hip joint angular velocity » exceeds
a predetermined threshold and transmits the thigh phase
angle ¢ to the gait motion timing calculating unit while
outputting an actuator operation inhibit signal when the
vector length is less than the predetermined threshold.
[0205] Thus, itis possible to effectively prevent the ac-
tuator (the electric motor 130) from outputting gait assist-
ing force when the user wearing the gait motion assisting
apparatus 100 unintentionally changes posture but has
not started a gait motion.

[0206] Furthermore, as described above, the gait mo-
tion assisting apparatus 100 according to the presentem-
bodiment is configured to impart gait assisting force to
the lower leg by the actuator (the electric motor 130) after
recognizing a gait state during a gait cycle based on the
thigh phase angle ¢.

[0207] Therefore, itis possible to provide accurate gait
assisting force to a user with hemiplegia due to a stroke,
etc.

[0208] Specifically, a conventional gait assisting appa-
ratus, which is configured to impart gait assisting force
by an actuator such as an electric motor, is configured
to detect a motion of a control target part, to which the
assisting force isimparted by the actuator, and to execute
operational control on the actuator based on the detec-
tion result.

[0209] For example, itis assumed that a conventional
gait assisting apparatus, which feeds gait assisting force
to a thigh, executes operational control on an actuator
that imparts gait assisting force to the thigh based on a
detection result of the motion of the thigh.

[0210] Furthermore, it is assumed that a conventional
gait assisting apparatus, which feeds gait assisting force
to alowerleg, executes operational controlon an actuator
that imparts gait assisting force to the lower leg based
on a detection result of the motion of the lower leg.
[0211] However, patients with hemiplegia due to a
stroke, orthe like, are often not able to perform the normal
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gait motion of the lower leg (front-back swing motion
around the knee joint) although they are able to perform
relatively normal gait motion of the thigh (front-back
swing motion around the hip joint).

[0212] To impart gait assisting force to the lower leg of
such a patient, the conventional gait assisting apparatus
executes operational control on the actuator that pro-
vides gait assisting force to the lower leg based on the
motion of the lower leg, which is unable to perform the
normal gait motion, which may make it difficult to provide
accurate gait assisting force.

[0213] Conversely, as described above, the gait mo-
tion assisting apparatus 100 according to the presentem-
bodiment is configured to execute operational control on
the actuator (the electric motor 130) that imparts gait as-
sisting force to the lower leg based on the thigh phase
angle o.

[0214] Therefore, even when the user has hemiplegia
due to a stroke or the like, itis possible to provide accurate
gait assisting force to the lower leg.

[0215] In a preferable configuration, the thigh phase
angle calculating unit 550 may be configured to calculate
the thigh phase angle ¢(k) by using a normalized hip joint
angle 6a(k) and a normalized hip joint angular velocity
wa(k) instead of the hip joint angle 6(k) (hereinafter also
referred to as the unnormalized hip joint angle 6(k) as
appropriate) calculated based on an angle-related signal
from the thigh orientation detecting unit 510 and the hip
jointangular velocity o(k) (hereinafter also referred to as
the unnormalized hip joint angular velocity w(k) as ap-
propriate) obtained by differentiating the unnormalized
hip joint angle 6(k).

[0216] That is, the thigh phase angle calculating unit
550 may be configured to divide the unnormalized hip
joint angle 6(k) by a stored hip joint angle normalization
coefficient A to calculate the normalized hip joint angle
0a(k), divide the unnormalized hip joint angular velocity
(k) by a stored hip joint angular velocity normalization
coefficient B to calculate the normalized hip joint angular
velocity wa(k), and calculate the thigh phase angle ¢(k)
(= -Arctan(wa(k)/6a(k)) + ) by using the normalized hip
joint angle 6a(k) and the normalized hip joint angular ve-
locity wa(k).

[0217] With this configuration, it is possible to accu-
rately recognize a gait state (cycle gait motion timing)
during a gait cycle.

[0218] Specifically, FIG. 10 schematically illustrates
the trajectory diagram of the thigh phase angle ¢ in a
state where the scale (amplitude) of the hip joint angle 6
matches the scale (amplitude) of the hip joint angular
velocity o for easier understanding; however, in reality,
the scale (amplitude) of the hip joint angle 6 does not
match the scale (amplitude) of the hip joint angular ve-
locity @, and they are different from user to user, more
strictly speaking, may differ from gait cycle to gait cycle
even for the same user.

[0219] FIG. 12 shows a schematic diagram of a trajec-
tory diagram during a gait cycle of a user.
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[0220] Inthe example shownin FIG. 12, the scale (am-
plitude) of the hip jointangular velocity o is approximately
twice the scale (amplitude) of the hip joint angle 6.
[0221] Furthermore, S(1) in FIG. 10 and FIG. 12 is a
sampling timing when the hip joint angle 6 is largest in
the "negative" direction and the hip joint angular velocity
w is "zero", and the sampling timings S(2) to S(12) are
sampling timings that follow the sampling timing S(1).
[0222] Further, thigh phase angles ¢(2) to ¢(12) are
thigh phase angles obtained based on measurement val-
ues at the sampling timings S(2) to S(12), respectively.
[0223] As is clear from the comparison between FIG.
10and FIG. 12, in FIG. 12, compared to FIG. 10, the rate
of change in the thigh phase angle ¢ with respect to an
elapsed time (i.e., the deviation of the thigh phase angle
¢ between one sampling timing and the subsequentsam-
pling timing)islarge inaregion (e.g., the sampling timings
S(1) to S(3)) where the absolute value of the hip joint
angle 6 is large, while the rate of change in the thigh
phase angle ¢ with respect to an elapsed time is small
in aregion (e.g., the sampling timing S(7) to the sampling
timing S(12)) where the absolute value of the hip joint
angle 6 is small.

[0224] Asdescribed above, the thigh phase angle (k)
at the sampling timing S(k) is represented by the cycle
gait motion timing T(k) that is defined using a percentage
relative to the gait cycle as follows.

T(k) = (pk)/2m) x 100 (%).

[0225] Therefore, when the scale (amplitude) of the hip
joint angle 0 is different from the scale (amplitude) of the
hip joint angular velocity o, the rate of change in the cycle
gait motion timing calculated based on the thigh phase
angle ¢ largely changes depending on the swing position
of the thigh (i.e., the magnitude of the absolute value of
the hip jointangle 0) during a gait cycle, which accordingly
makes it difficult to properly recognize the cycle gait mo-
tion timing and makes it difficult to accurately obtain the
torque value to be output by the actuator.

[0226] In consideration of this point, the unnormalized
hip joint angle 6(k) may be divided by the hip joint angle
normalization coefficient A to calculate the normalized
hip joint angle 6a(k), the unnormalized hip joint angular
velocity o(k) obtained by differentiating the unnormalized
hip joint angle 6(k) may be divided by the hip joint angular
velocity normalization coefficient B to calculate the nor-
malized hip joint angular velocity wa(k), and the thigh
phase angle ¢(k) (= -Arctan(wa(k)/6a(k)) + ©) may be
calculated by using the normalized hip joint angle 6a(k)
and the normalized hip joint angular velocity wa(k).
[0227] With this configuration, the difference in the
scale (amplitude) between the hip joint angle 6a(k) and
the hip joint angular velocity wa(k), based on which the
thigh phase angle ¢(k) is calculated, can be prevented
or reduced, and the cycle gait motion timing can be rec-
ognized accurately over a gait cycle.
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[0228] For example, the thigh phase angle calculating
unit 550 may be configured to store the maximum abso-
lute value among the unnormalized hip joint angles 6 ob-
tained based on the angle-related signals from the thigh
orientation detecting unit 510 within a predetermined time
period as the hip joint angle normalization coefficient A
and store the maximum absolute value among the un-
normalized hip joint angular velocities o calculated by
differentiating the unnormalized hip joint angles 6 ob-
tained during the predetermined time period as the hip
joint angular velocity normalization coefficient B.

[0229] With this configuration, the hip joint angle nor-
malization coefficient A and the hip joint angular velocity
normalization coefficient B corresponding to a different
gait "habit" of each user can be obtained, and the recog-
nition accuracy of the cycle gait motion timing can be
improved.

[0230] Alternatively, a modification may be made such
that the thigh phase angle calculating unit 550 stores a
human-input hip joint angle and a human-input hip joint
angular velocity, which are previously input, as the hip
joint angle normalization coefficient A and the hip joint
angular velocity normalization coefficient B, respectively.
[0231] In this modification, the human-input hip joint
angle and the human-input hip joint angular velocity can
be set for each user based on the user’s past gait data.
[0232] In the above-described modification, prefera-
bly, the thigh phase angle calculating unit 550 may be
configured to save the maximum absolute value among
the unnormalized hip joint angles 6 obtained based on
the angle-related signals from the thigh orientation de-
tecting unit 510 within a predetermined time period as
the hip joint angle normalization coefficient A instead of
the human-input hip joint angle and save the maximum
absolute value among the unnormalized hip joint angular
velocities o calculated by differentiating the unnormal-
ized hip jointangles 6 obtained during the predetermined
time period as the hip joint angular velocity normalization
coefficient B instead of the human-input hip joint angular
velocity.

[0233] The predetermined time period can be, for ex-
ample, a predetermined number of most recently com-
pleted gait cycles or a time period from when the main
power of the gait motion assisting apparatus 100is turned
on to the most recently completed gait cycle.

[0234] The predetermined number can be set appro-
priately to an integer of 1 or more.

[0235] Next, the gait assisting force required for a gait
motion is described.

[0236] FIG. 13 is a schematic diagram showing gait
posture during a gait cycle over time.

[0237] AsshowninFIG. 13,a gaitcycleincludesaheel
contact phase (a period before and after the forward-
raised foot contacts the floor) X1 including a heel contact
time point when the heel contacts the ground in front of
the user’s body axis line (vertical axis line), a stance
phase (a period when the floor-contacted lower leg is
moved relatively backward relative to the body) X2 when
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the heel-contacted leg after heel contact is moved rela-
tively backward while being in contact with the ground,
an initial stage X3a of a swing phase when the lower leg
of the leg contacting the ground is raised after the stance
phase X2, and a later stage X3b of the swing phase when
the raised lower leg is moved relatively forward and led
to heel contact.

[0238] Gait assisting force includes force for pushing
the lower leg in the extending direction relative to the
thigh and force for pushing the lower leg in the bending
direction relative to the thigh, and the direction of neces-
sary gait assisting force varies according to a motion tim-
ing during a gait cycle.

[0239] For example, in the heel contact phase X1 and
the stance phase X2, extending-direction gait assisting
force for rotating the lower leg in the knee extending di-
rection around the knee joint to prevent knee bending is
necessary.

[0240] Intheinitial stage X3aofthe swing phase, bend-
ing-direction gait assisting force for assisting the raising
of the leg by rotating the lower leg around the knee joint
in the knee bending direction is necessary.

[0241] In the later stage X3b of the swing phase, gait
assisting force for rotating the lower leg around the knee
joint in the knee extending direction is necessary.
[0242] In addition, the necessity of gait assisting force
in any or all of the four stages and/or the degree of gait
assisting force necessary in a desired stage varies for
each user and/or according to the degree of recovery of
the user.

[0243] In consideration of this point, the output torque
pattern is set for each user and in accordance with each
degree of user’s recovery.

[0244] FIG. 14 shows a flow of an actuator operational
control mode by the control device 500 in the gait motion
assisting apparatus 100.

[0245] In response to an activation signal input, the
control device 500 activates the actuator operational con-
trol mode.

[0246] The activation signal is input in response to, for
example, a human operation by the user to a human-
operated member such as a start button.

[0247] When the actuator operational control mode is
activated, the thigh phase angle calculating unit 550 de-
termines, at Step S11, whether a predetermined number
of gait cycles has been completed.

[0248] It may be determined whether the predeter-
mined number of gait cycles has been completed by
counting the number of times the thigh phase angle ¢(k)
calculated in "process to transmit the thigh phase angle
to the gait motion timing calculating unit", which is de-
scribe below, is returned to a preset gait cycle reference
angle (for example, 0) and determining whether this
count reaches the predetermined number.

[0249] In the case of YES at Step S11, the process
proceeds to Step S12, and in the case of NO at Step
S11, the process bypasses Step S12 and proceeds to
Step S13.
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[0250] Immediately after the activation of the actuator
operational control mode, a NO determination is made
at Step S11 and the process proceeds to Step S13.
[0251] Furthermore, Step S12 will be described below.
[0252] At Step S13, the thigh phase angle calculating
unit 550 calculates the unnormalized hip joint angle 6(k)
at a sampling timing S(k) from the thigh orientation de-
tecting unit 510 based on the angle-related signal at the
sampling timing S(k) and, at Step S14, calculates the
unnormalized hip joint angular velocity (k) at the sam-
pling timing S(k) based on the unnormalized hip joint an-
gle 0(k).

[0253] At Step S15, the thigh phase angle calculating
unit 550 divides the unnormalized hip joint angle 6(k) by
the stored hip joint angle normalization coefficient A to
calculate the normalized hip joint angle 6a(k) at the sam-
pling timing S(k) and divides the unnormalized hip joint
angular velocity by the stored hip joint angular velocity
normalization coefficient B to calculate the normalized
hip joint angular velocity wa(k) at the sampling timing
S(k).

[0254] The thigh phase angle calculating unit 550 cre-
ates a trajectory diagram based on the normalized hip
joint angle 6a(k) and the normalized hip joint angular ve-
locity wa(k) at Step 16 and determines whether the vector
length of the plot point (the distance between the plot
point and the origin) on the trajectory diagram exceeds
a threshold at Step S17.

[0255] Inthe case of NO at Step S17 described above,
the thigh phase angle calculating unit 550 determines
that no gait motion has been started and outputs an ac-
tuator operation inhibit signal (Step S25).

[0256] In this case, the actuator operational control
mode returns to Step S11.

[0257] Inthecase of YES at Step S17 described above,
a "process to transmit the thigh phase angle to the gait
motion timing calculating unit" is executed.

[0258] FIG. 15 shows the flow of the "process to trans-
mit the thigh phase angle to the gait motion timing cal-
culating unit".

[0259] The thigh phase angle calculating unit 550 cal-
culates the thigh phase angle ¢(k) based on the hip joint
angle 06(k) and the hip joint angular velocity w(k) at the
sampling timing S(k) (in the presentembodiment, the nor-
malized hip joint angle 8a(k) and the normalized hip joint
angular velocity wa(k)) (Step S51).

[0260] Subsequently, the thigh phase angle calculat-
ing unit 550 determines whether the thigh phase angle
¢(k) is smaller than the currently stored reference thigh
phase angle ¢c (Step S52).

[0261] Here, the default value of the reference thigh
phase angle ¢c is 0 and, if the reference thigh phase
angle ¢c is saved at Steps S55, S62, and S67 described
below, is the stored value.

[0262] Inthe case of NO at Step S52, that is, when the
thigh phase angle ¢(k) calculated at Step S51 is larger
than the reference thigh phase angle oc, it unit that the
normal gait motion (i.e., a gait motion in which the thigh
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phase angle ¢ increases with the elapse of time) is being
performed.

[0263] In this case, the thigh phase angle calculating
unit 550 transmits the thigh phase angle ¢(k) calculated
based on the angle-related signal at the sampling timing
S(k) as the thigh phase angle ¢ at the sampling timing
S(k) to the gait motion timing calculating unit 560 (Step
S61), saves the thigh phase angle ¢(k) as the new ref-
erence thigh phase angle ¢c (Step S62), and ends the
"process to transmit the thigh phase angle to the gait
motion timing calculating unit".

[0264] Accordingly, in this case, at Step S52 of the
"process to transmit the thigh phase angle to the gait
motion timing calculating unit" for the subsequent sam-
pling timing S(k+1), it is determined whether the thigh
phase angle ¢(k+1) calculated based on the angle-relat-
ed signal at the sampling timing S(k+1) is smaller than
the thigh phase angle ¢(k) stored as the reference thigh
phase angle ¢c.

[0265] Inthecaseof YES atStep S52describedabove,
that is, when the thigh phase angle ¢(k) calculated at
Step S51 is smaller than the reference thigh phase angle
¢c, it unit that the normal gait motion (i.e., a gait motion
in which the thigh phase angle increases with the elapse
of time) is not being performed and there is a possibility
of occurrence of the above-described thigh reverse swing
phenomenon.

[0266] In this case, the thigh phase angle calculating
unit 550 determines whether the absolute value of the
deviation between the thigh phase angle ¢(k) and the
reference thigh phase angle ¢c is smaller than a prede-
termined threshold (Step S53).

[0267] Step S53is a step for determining whether the
situation where the thigh phase angle ¢(k) calculated at
Step S51 is smaller than the reference thigh phase angle
¢c is caused by an unintended thigh reverse swing phe-
nomenon or by gait cycle switching from one gait cycle
to the subsequent gait cycle.

[0268] As described above, the predetermined thresh-
old at Step S53 is set such that a NO determination is
made at Step S53 when the gait cycle is switched.
[0269] The predetermined threshold is, for example,
90% (1.8n) of the change range (2x) of the thigh phase
angle over the entire gait cycle.

[0270] In the case of NO at Step S53, the thigh phase
angle calculating unit 550 determines that the situation
where the calculated thigh phase angle ¢(k) is smaller
than the reference thigh phase angle ¢c is caused by
gait cycle switching from one gait cycle to the subsequent
gaitcycle, transmits the thigh phase angle ¢(k) calculated
based on the angle-related signal at the sampling timing
S(k) as the thigh phase angle at the sampling timing S(k)
to the gait motion timing calculating unit 560 (Step S66),
stores the thigh phase angle ¢(k) as the new reference
thigh phase angle ¢c (Step S67), and ends the above-
described "process to transmit the thigh phase angle to
the gait motion timing calculating unit".

[0271] Therefore, inthis case, at Step S52 of the "proc-
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ess to transmit the thigh phase angle to the gait motion
timing calculating unit" for the subsequent sampling tim-
ing S(k+1), itis determined whether the thigh phase angle
¢(k+1) calculated based on the angle-related signal at
the sampling timing S(k+1) is lower than the thigh phase
angle ¢(k) stored as the reference thigh phase angle ¢c.
[0272] Inthe case of YES at Step S53, the thigh phase
angle calculating unit 550 determines that an unintended
thigh reverse swing phenomenon is occurring and trans-
mits the reference thigh phase angle ¢c instead of the
thigh phase angle ¢(k) calculated based on the angle-
related signal at the sampling timing S(k) to the gait mo-
tion timing calculating unit 560 (Step S54).

[0273] In this case, the thigh phase angle calculating
unit 550 stores the currently stored reference thigh phase
angle pc without change (Step S55) and ends the above-
described "process to transmit the thigh phase angle to
the gait motion timing calculating unit".

[0274] Accordingly, in this case, at Step S52 of the
"process to transmit the thigh phase angle to the gait
motion timing calculating unit" at the subsequent sam-
pling timing S(k+1), it is determined whether the thigh
phase angle ¢(k+1) calculated based on the angle-relat-
ed signal at the sampling timing S(k+1) is lower than the
continuously stored reference thigh phase angle oc.
[0275] When the "process to transmit the thigh phase
angle to the gait motion timing calculating unit" has end-
ed, the gait motion timing calculating unit 560 calculates
the cycle gait motion timing T(k) based on the thigh phase
angle (the thigh phase angle ¢(k) or the reference thigh
phase angle ¢c) transmitted from the thigh phase angle
calculating unit550 and transmits it to the assisting torque
calculating unit 570 (Step S19), as shown in FIG. 14.
[0276] The assisting torque calculating unit 570 ap-
plies the cycle gait motion timing T(k) from the gait motion
timing calculating unit 560 to the stored output torque
pattern, acquires the magnitude and direction of the gait
assisting force to be output by the actuator at this timing
(the sampling timing S(k)), and transmits them to the op-
erational control unit 580 (Step S20).

[0277] The operational control unit 580 executes op-
erational control on the actuator so as to output the gait
assisting force having the magnitude and direction cal-
culated by the assisting torque calculating unit 570 (Step
S21).

[0278] At Step S22, the control device 500 determines
whether an end signal for the actuator operational control
mode has been input, returns to Step S11 when no end
signal has been input, and ends the control mode when
an end signal has been input.

[0279] Furthermore, for example, the end signal is in-
put in response to a human operation by the user to a
human-operated member such as an end button.
[0280] When the process returns from Step S22 to
Step S11, the thigh phase angle calculating unit 550 de-
termines whether the number of gait cycles counted at
Step S11 described above has reached the predeter-
mined number, and if YES, proceeds to Step S12.
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[0281] At Step S12, the thigh phase angle calculating
unit 550 saves the maximum absolute value among the
unnormalized hip joint angles 6 obtained based on the
angle signals from the thigh orientation detecting unit 510
within the predetermined number of gait cycles as the
hip joint angle normalization coefficient A and saves the
maximum absolute value among the unnormalized hip
joint angular velocities  calculated by differentiating the
unnormalized hip joint angles 6 obtained based on the
angle signals from the thigh orientation detecting unit 510
within the predetermined number of gait cycles as the
hip joint angular velocity normalization coefficient B.
[0282] Furthermore,inthe presentembodiment, asde-
scribed above, a configuration is made to determine the
occurrence of a thigh reverse swing phenomenon based
on the thigh phase angle; however, alternatively a con-
figuration may be made to determine the occurrence of
a thigh reverse swing phenomenon based on the cycle
gait motion timing.

[0283] Specifically, the gait motion timing calculating
unit 560 may be configured to have a latest data trans-
mission process to transmit the cycle gait motion timing
T(k) calculated based on the angle-related signal at a kth
sampling timing S(k) (k is an integer of 1 or more) during
agait cycle as the cycle gait motion timing at the sampling
timing S(k) to the assisting torque calculating unit 570
and store the cycle gait motion timing T(k) as the refer-
ence cycle gait motion timing Tc and a stored data trans-
mission process to transmit, instead of the cycle gait mo-
tion timing T(k) calculated based on the angle-related
signal at the kth sampling timing S(k) during a gait cycle,
the currently stored reference cycle gait motion timing Tc
as the cycle gait motion timing at the sampling timing
S(k) to the assisting torque calculating unit 570 and con-
tinuously store the currently stored reference cycle gait
motion timing Tc, perform the stored data transmission
process only when conditions are satisfied such that one
cycle gait motion timing calculated based on an angle-
related signal at one sampling timing is smaller than the
currently stored reference cycle gait motion timing and
the absolute value of the deviation is less than a prede-
termined threshold, and perform the latest data transmis-
sion process in other cases.

[0284] With this configuration, too, as in the present
embodiment, gait assisting force can be imparted as
smoothly as possible even in the case of occurrence of
an unintended thigh reverse swing phenomenon.
[0285] Further, in this case, the predetermined thresh-
old can be, for example, 90% in a case where the cycle
gait motion timing during a gait cycle is 0 to 100%.

DESCRIPTION OF THE REFERENCE NUMERALS

[0286]

100  gait motion assisting apparatus
130  electric motor (actuator)

510  thigh orientation detecting unit
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550 thigh phase angle calculating unit
560 gait motion timing calculating unit
570 assisting torque calculating unit
580  operational control unit

Claims

1. A gait motion assisting apparatus (100) comprising:

an actuator (130) that imparts assisting force to
a user’s gait motion;

a thigh orientation detecting unit (510) that de-
tects an angle-related signal that is related to a
hip joint angle, which is a front-back swing angle
of the user’s thigh, at each sampling timing (S);
a thigh phase angle calculating unit (550) that
calculates a thigh phase angle (¢) at each sam-
pling timing (S) based on the angle-related sig-
nal;

a gait motion timing calculating unit (560) that
calculates a cycle gait motion timing (T) that is
a percentage relative to a gait cycle based on
the thigh phase angle (¢) from the thigh phase
angle calculating unit (550);

an assisting torque calculating unit (570) that
has an output torque pattern defining a relation-
ship between the cycle gait motion timing (T)
and a torque value to be output and applies the
cycle gait motion timing (T) transmitted from the
gait motion timing calculating unit (560) to the
output torque pattern to calculate the torque val-
ue corresponding to the sampling timing (S); and
an operational control unit (580) that executes
operational control on the actuator (130) so as
to output assisting force having the torque value
calculated by the assisting torque calculating
unit (570), the gait motion assisting apparatus
(100) being characterized in that

the thigh phase angle calculating unit (550) has
a latest data transmission process to transmit a
thigh phase angle (¢(k)) calculated based on an
angle-related signal at a kth (k is an integer of 1
or more) sampling timing (S(k)) during a gait cy-
cle as the thigh phase angle (¢) at the sampling
timing (S(k)) to the gait motion timing calculating
unit (560) and store the thigh phase angle (o(k))
as a reference thigh phase angle (pc) and a
stored data transmission process to transmit, in-
stead of the thigh phase angle (¢(k)) calculated
based on the angle-related signal at the kth sam-
pling timing (S(k)) during the gait cycle, the cur-
rently stored reference thigh phase angle (oc)
as the thigh phase angle (o) at the sampling tim-
ing (S(k)) to the gait motion timing calculating
unit (560) and continuously store the currently
stored reference thigh phase angle (¢c), per-
forms the stored data transmission process only
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when conditions are satisfied such that one thigh
phase angle (¢) calculated based on an angle-
related signal at one sampling timing (S) is
smaller than the currently stored reference thigh
phase angle (¢c) and an absolute value of a de-
viation therebetween is equal to or less than a
predetermined threshold, and performs the lat-
est data transmission process in other cases.

The gait motion assisting apparatus (100) according
to claim 1, wherein the predetermined threshold is
1.87.

A gait motion assisting apparatus (100) comprising:

an actuator (130) that imparts assisting force to
a user’s gait motion;

a thigh orientation detecting unit (510) that de-
tects an angle-related signal that is related to a
hip joint angle, which is a front-back swing angle
of the user’s thigh, at each sampling timing (S);
a thigh phase angle calculating unit (550) that
calculates a thigh phase angle (¢) at each sam-
pling timing (S) based on the angle-related sig-
nal;

a gait motion timing calculating unit (560) that
calculates a cycle gait motion timing (T) that is
a percentage relative to a gait cycle based on
the thigh phase angle (¢) from the thigh phase
angle calculating unit (550);

an assisting torque calculating unit (570) that
has an output torque pattern defining a relation-
ship between the cycle gait motion timing (T)
and a torque value to be output and applies the
cycle gait motion timing (T) transmitted from the
gait motion timing calculating unit (560) to the
output torque pattern to calculate the torque val-
ue corresponding to the sampling timing (S); and
an operational control unit (580) that executes
operational control on the actuator (130) so as
to output assisting force having the torque value
calculated by the assisting torque calculating
unit (570), the gait motion assisting apparatus
(100) being characterized in that

the gait motion timing calculating unit (560) has
a latest data transmission process to transmit a
cycle gait motion timing (T(k)) calculated based
on an angle-related signal at a kth sampling tim-
ing (S(k)) (k is an integer of 1 or more) during a
gait cycle as the cycle gait motion timing (T) at
the sampling timing (S(k)) to the assisting torque
calculating unit (570) and store the cycle gait
motion timing (T(k)) as a reference cycle gait
motion timing (Tc) and a stored data transmis-
sion process to transmit, instead of the cycle gait
motion timing (T(k)) calculated based on the an-
gle-related signal at the kth sampling timing
(S(k)) during the gait cycle, the currently stored
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reference cycle gait motion timing (Tc) as the
cycle gait motion timing (T) at the sampling tim-
ing (S(k)) to the assisting torque calculating unit
(570) and continuously store the currently stored
reference cycle gait motion timing (Tc), performs
the stored data transmission process only when
conditions are satisfied such that one cycle gait
motion timing (T) calculated based on an angle-
related signal at one sampling timing (S) is
smaller than the currently stored reference cycle
gait motion timing (Tc) and an absolute value of
a deviation therebetween is equal to or less than
apredetermined threshold, and performs the lat-
est data transmission process in other cases.

The gait motion assisting apparatus (100) according
to claim 3, wherein the predetermined threshold is
90% when the cycle gait motion timing during a gait
cycle is 0 to 100%.

The gait motion assisting apparatus (100) according
to any one of claims 1 to 4, wherein the gait motion
timing calculating unit (560) has a conversion func-
tion specifying a relationship between the thigh
phase angle (¢) and the cycle gait motion timing (T)
during the gait cycle and applies the thigh phase an-
gle (o) transmitted from the thigh phase angle cal-
culating unit (550) to the conversion function to cal-
culate the cycle gait motion timing (T).
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FIG.12
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FIG. 14
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